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Network model of pulsatile lzemodynamics in the microcirculation of the rabbit omentum. Am (15, 18, 19) . However, in most other tissues and organs, pulsatility related to the action of the heart has been assumed to be completely damped in the capillary bed.
Evidence for pulsatile pressure in the microscopic vessels of the mesentery was first provided by Landis (13, 14) . In his classic work on the direct measurement of capillary pressure, he controlled the motion of the interface between the fluid in a micropipette inserted in a microvessel and plasma by varying the pressure in the shank of the micropipette. The interface between fluid and plasma was made visible either by adding a concentrated dye or by following the motion of red blood cells at the entrance of the pipette. Intermittent motion, synchronous with the action of the heart, allowed Landis to detect the balance point between microvascular and pipette pressure and to estimate the magnitude of the ratio of systolic to diastolic excursions. These pulsatile components were observed to persist through the microcirculatory bed to the venous capillaries in the mesentery of the experimental animals. The data-reduction system has a frequency response of 1 Hz. Therefore, in order to recover the pulsatile components due to the action of the heart, the output of the photodetectors and the central blood pressure were recorded on analog magnetic tape at 60 inches/s and played back at a slower speed in such a fashion that the components of at least double the heart rate of the experimental animal (120-180 beats/min) could be processed by the system. Pulsatile velocity wave forms buried in noise were recovered with a second data-reduction process (9) performed on the on-line computed velocity that was recorded on magnetic tape simultaneously with the systemic arterial pressure. In this sist of a n model , the microvasculature is postulated to .umber of levels connected in seri .es. Each level concontains a set of tubes of equal diameter connected in parallel. The model is shown in Fig. 1 .
The fluid mechanics of the microcirculation have been described in detail in a review by Gross and Aroesty (6). Flow in the microvessels is characterized by low values for both the Reynolds number and the parameter.
The Reynolds number is Womersley frequency the ratio of the inertial forces in the fluid -to the viscous forces and is defined as Re = r,U/v, where U is the velocity of the flow (cm/s), r0 is the characteristic dimension of the vessel, i.e., the internal radius (cm), and v is the kinematic viscosity of the fluid (cm2/s). by the momentum change of the blood. In this case, the coefficient p/mo2 characterizes the dynamic behavior of the system. On the other hand, in the microcirculation, where radii are small, a << 1, viscous forces are predominant, and the pressure gradient is balanced by shear forces.
The dependence of the volumetric flow rate Q on the axial distance, x, is determined by relating the change of flow rate along the tube to the velocity of the fluid, v, , normal to the vessel wall:
The v, can result from two effects: 1) movement of the vessel wall due to the elastic properties of the wall, and 2) actual fluid movement across the vessel wall due to fluid exchange.
If v, is related to the movement of the vessel wall (assumjdion 3), then Pate1 et al. (16) 
where where S S = cross-sectional area of the vessel, = cross-sectional area of the vessel, E E = Young's modulus of the vessel, = Young's modulus of the vessel, a a = = ratio of vesel radius to wall thickness, ratio of vesel radius to wall thickness, 1 1 = length of = length of vessel. vessel.
Differentiating
Eq I with respect to x for the case of the microcirculation (negligible inertial forces) and combining with Eq 4, we obtain for each level of branching: Differentiating Eq I with respect to x for the case of the microcirculation (negligible inertial forces) and combining with Eq 4, we obtain for each level of branching:
(6) (6) which is the "diffusion" equation for pulsatile pressure in the which is the "diffusion" equation for pulsatile pressure in the microcirculation.
According to this formulation, pressure at microcirculation.
According to this formulation, pressure at each level is governed by diffusion, and the "diffusion each level is governed by diffusion, and the "diffusion coefficient" l/R&, is determined by the properties of the coefficient" l/R&, is determined by the properties of the system given by Eq 2 and Eq 5. system given by Eq 2 and Eq 5. The wave speed is a function of the frequency:
The attenuation constant is given by:
where C, = wall compliance, which can be comparatively large. Hence, pulsatile flow in the microvessels is highly attenuated and dispersive, which has been shown in in vivo measurements (9). The pulsatile characteristics of flow in the microcirculation were determined by assuming that the microvasculature can be compared to the hydraulic network shown in Fig. 1 , where the behavior of the pressure at each level is given by Eq 6. The procedure is carried out by computer and consists of solving Eq 6 for the first level using RI and C1 , which are calculated from the known geometrical data (12). The values for E utilized in this study were 10' dynes/cm2 for the midcapillaries, 5 X 106 dynes/cm2 for the intermediate levels, and 106 dynes/cm2 for arteries and veins (see Fung (3)). The exit values of the pressure P and flow Q are used as inputs to the channels'of the next level. These inputs are then solved using R2 and C 2, and the process is repeated until the last level is reached. In this way it is possible to obtain values of P and Q at each level of the microcirculation and to compare them with experimental data. It is assumed that flows are equally distributed at each bifurcation. All of the calculations are based on an initial phase angle of zero for the pressure at the entrance to the omentum.
The initial phase angles for the flow are determined by the solutions to the equations defining the network model.
The rheological behavior of blood in the microcirculation is very complex and ranges from a two-phase flow in the capillaries to a Casson behavior in the largest arterioles. Capillary flows in the microcirculation have been described in detail in the review by Gross and Aroesty (6). Since in vivo data are not available, the present study assumes that flows are Newtonian.
EXPERIMENTAL RESULTS
Capillary pressures and flows in the rabbit omentum were found to be pulsatile throughout the microvasculature of this tissue. The frequency of the periodic fluctuations was of the order of 1 Hz, which corresponds to the heart rate of these experimental animals. Periodic fluctuations due to the cardiac cycle were more pronounced on the arterial end of the system, whereas those due to respiration were primarily in evidence at the venous end.
Pressure and flow measurements in the rabbit omentum are given in mined by direct pressure measurements. Conversely, pulsatile effects in capillaries were determined by velocity measurements.
The comparatively large standard deviation in phase angle relative to the fundamental in the recording of pressure in the abdominal aorta is probably due to the variability in heart rate between experimental animals and to the uncertainty of the exact location of the catheter tip relative to the mesenteric artery.
DISCUSSION
Relation between pulsatile flow and microvascular properties. The persistence of pulsatile conditions provides a tool for the study of the effects of the compliance, resistance, and heart rate on the nonsteady flow parameters in the microcirculation.
The dependence of the pressure amplitude and the pressure and flow phase angles on the heart rate were calculated for multiples and submultiples of the fundamental frequency (the heart rate). The results are summarized in Figs. 2-4. Figure 2 shows that the attenuation of the pressure wave through the bed is not strongly dependent on the frequency.
However, a distinct trend exists and as frequency increases attenuation or filtering in the arterial portion of the network is comparatively greater than that at the venous end. This condition explains in part why the experimental data show a substantial amplitude drop in the first three levels of branching.
Considering that the arterial pressure pulse contains as many as six harmonics, the arterial microcirculation, acting as a low-pass filter, attenuates high frequencies, and the resulting wave form is uniformly attenuated by the rest of the network. The corresponding numerical results obtained for the pressure amplitude at each level of branching are plotted in Fig. 2 by normalizing relative to the value at the first order or branching.
It can be seen that qualitative agreements exist with the experimental results. It should be noted, however, that perfect agreement cannot be expected because the experimentally measured pulse shape is the additive result of the fundamental and higher harmonics. The pressure phase angle (see Fig. 3 ) shows a strong dependence on the heart rate. Direct pressure phase comparison with experimental data is not made because the Control heart rate, w = 47~ Experimental points are plotted by calculating AP/P/(AP/P). for each level of branching, where AP is pressure amplitude.
phase corresponding to the pressure fundamental was not available.
The flow phase lag (see Fig. 4 ), which is directly proportional to ~3, exhibits a comparatively large change for the higher harmonics.
The flow phase dependence on frequency shows most of the phase shift occurring in the small artery and in the postcapillary section of the bed. Almost no phase shift occurs at the capillary level. Although the model predicts a comparatively different dependence of the pressure and flow angles as a function of heart rate throughout the network, it should be noted that these parameters are almost identical at the venous end of the bed (Figs. 3 and 4) . The flow phase angle for the first order of branching of the experimental data was determined by estimating the difference in phase between the recorded velocity wave forms and the time derivative of the pressure wave forms. This form of comparison is appropriate since, according to Eq I, the flow is proportional to the pressure gradient dP/dx, and this is related to the pressure-time derivative : where c = phase velocity defined in Eq 8. The initial angle thus estimated was determined to be approximately 45". The behavior of an omental microcirculatory bed as a function of different structural properties of the bed was calculated for the following four cases: i) The length and, hence, the resistance and compliance of the vein are increased by 102. This makes it possible to assess the importance of the venous resistance distal to the bed.
ii) The stiffness of the capillaries is increased by an order of magnitude in order to establish which flow property varies most with the compliance of the capillaries. iii) The effect of a vasodilator is simulated by increasing the diameter of all vessels (except the capillaries) by 20 %. in) The effect of a vasoconstrictor is simulated by decreasing. the diameter of all vessels (except the capillaries)'
l The capillary diameter is assumed not to be affected by pharmacological elements.
These are gross oversimplifications of the actual in vivo effects of these agents, since it is well known that they do not act uniformly throughout the microvasculature.
by 20 %. Each of these cases is always referred back to the "normal" case discussed previously. The variations of the pressure amplitude through the bed for the above cases are given in Fig. 5 . It is clear that the maximum variation for any case from the normal is about 5 %, and this occurs in the arterial side. No noticeable change occurs in the venous end of the bed. The increase of distal venous resistance and decrease of the capillary compliance have essentially no effect on the attenuation of the pressure amplitude through the bed. The vasodilation effect reduces arteriolar resistance and increases compliance; hence, there is less attenuation of the pressure amplitude in the arteriolar portion of the bed than in the normal case. However, as pointed out previously, the maximum deviation from the normal case is not large (5 %). Vasoconstriction yields an increase of resistance over that for the normal case, as would be expected.
The differences in the four cases for the pressure phase shift are significantly greater than for the pressure amplitude (see Fig. 6 ). Lengthening the vein (case i) has a strong effect on the pressure phase shift, which results from the fact that the transit distance of the presure wave is increased, and consequently more phase shift can develop. Estimates on the values of E and K for the capillaries of the network, which represents the scaling between pressure difrabbit omentum are E = 3 X lo7 dynes/cm2 (3) and K = fusion and exchange diffusion of pulsatile effects.
10Wg cm3/dynes (23). The value of c3 is assumed to be of the ' order of 2/s and r0 = 5 X lo4 cm. The value of the ratio
